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Microwave sheath-Voltage combination Plasma (MVP) is a high density plasma source 
and can be used as a suitable plasma processing device (e.g., ionized physical vapor  
deposition). In the present report, the temporal behavior of an argon MVP sustained 
along a direct-current biased Ti rod is investigated. Two plasma modes are observed, one 
is an "oxidized state" (OS) at the early time of the microwave plasma and the other is 
"ionized sputter state" (ISS) at the later times. Transition of the plasma from OS to ISS, 
results a prominent change in the visible color of the plasma, resulting from a significant 
increase in the plasma density, as measured by a Langmuir probe. In the OS, plasma is 
dominated by Ar ions and the density is order 10
11
 cm
-3
. In the ISS, metal ions from the 
Ti rod contribute significantly to the ion composition and higher density plasma (10
12
 
cm
-3
) is produced. Nearly uniform high density plasma along the length of the Ti rod is 
produced at very low input microwave powers (around 30 W). Optical emission 
spectroscopy measurements confirm the presence of sputtered Ti ions and Ti neutrals in 
the ISS.  
 
I. INTRODUCTION 
 Various high density plasma sources have been developed for plasma enhanced surface 
treatments such as surface cleaning, surface activation, surface coating [1] and fabrication of 
ultra-large-scale integrated (ULSI) circuits [2-4]. In these fields, development of high density 
plasma sources has been motivated mainly by requirements of high processing speed. Surface wave 
excited plasma (SWP) is one such high-density plasma source which, generates over-dense (greater 
than the cutoff plasma density, i.e., 7.6×1010 cm-3 for 2.45 GHz microwave) plasmas in large 
diameter geometries. SWP sources can be divided [5] into dielectric-bounded type (surface waves 
propagate along the dielectric and plasma interfaces) and metal-bounded type, employing 
microwave sheath-voltage combination plasma (MVP), where surface waves propagate along the 
plasma and sheath interfaces. 
 In general, dielectric-bounded SWP sources employ dielectrics such as a quartz plate [3-4, 
6] or a quartz tube [7-10], along which high density plasmas are sustained by electromagnetic 
waves travelling along plasma-dielectric surface boundaries [10-21]. Dielectric-bounded SWP 
sources have never been used for sputtering, because they are not generated near and along a metal 
target as in conventional magnetron sputtering sources [1]. 
 In 2005, Kousaka et. al. [22] at Nagoya University have reported a new SWP source which 
can generate over-dense plasma along the surface of a negatively biased metal rod, called 
metal-antenna surface wave excited plasma (MASWP). The source was subsequently, termed as 
MVP [23]. In MVP sources, microwave plasma is produced along a dielectric-free metal antenna 
and the surface waves propagate along the plasma-sheath interface [22-27]. The MVP source is 
expected to generate uniformly high-density plasma along three dimensional surfaces of a metal 
object [26]. In our previous work [5], a better design of MVP source was reported. In that new 
design, the antenna was extended from vacuum chamber to waveguide and over-dense plasma (10
11
 
cm
-3
) was produced by very low input microwave powers (around 30 W). Here, the temporal 
behavior of a MVP source and generation of high-density plasma for low input microwave powers 
are reported.  
 
II. EXPERIMENTAL SET-UP 
 The schematic diagram of the experimental setup is shown in Fig. 1. The experiment was 
performed in a grounded cylindrical chamber of stainless steel (SUS304, JIS) with an inner 
diameter of 146 mm and a length of 500 mm. The schematic shows 5 components: (1) a vacuum 
chamber (anode/ground), (2) a coaxial electromagnetic wave-guide (WX-39D) for the microwave 
power feed-in, (3) a central conductor or antenna (titanium rod, 18 mm in diameter and 250 mm in 
length inside the vacuum chamber) which is set to a negative direct-current (DC) bias (cathode), (4) 
a dielectric window (quartz with dielectric constant 𝜖𝑟 ≈ 3.78 and thickness of 10 mm) which 
seals the vacuum chamber to the coaxial wave-guide and couples the electromagnetic wave, and (5) 
a Langmuir probe (cylindrical probe of 8 mm length and 0.2 mm diameter) for measurement of 
plasma parameters. The chamber was evacuated by a rotary pump and the base pressure was about 
0.5 Pa. The working gas was argon at a pressure of 50 Pa. 
 The important part in our experimental system is the antenna. The antenna was long 
enough, i.e., 250 mm length inside the vacuum chamber and was extended from vacuum chamber to 
the waveguide. The old design [25-26] was used a special quartz window interrupting the antenna 
(detrimental to the microwave power coupling) and needed supplementary DC connection feed 
through (2 port design). This new design feeds the DC and the microwave power from one port only. 
The waveguide part of the antenna was cooled by water during the experiments. 
 First, the cathode/antenna was set to a negative voltage (-300 V), so a low density plasma 
can form with an ion sheath layer along the antenna. Then the microwave was fed into the coaxial 
wave-guide from the right side of the system. Now the input microwave (TM mode) power could 
propagate easily along the negative biased antenna and surface wave excited plasma generated 
along the antenna inside the chamber. The input microwave power was 30 W to 50 W. The surface 
wave excited plasma columns were photographed by a camera through a side viewport. A rf 
compensated Langmuir probe (SmartProbe, Scientific Systems) was inserted in the axial direction 
(opposite direction of antenna and the gap between the Langmuir probe and antenna was 26 mm), 
equipped with an automatic linear drive to measure the axial variation of plasma density. 
 The signals of optical emission spectra from the plasma were transferred by optical fiber 
coupled to the spectrometer (HR4000CG-UV-NIR, focal length of 101 mm) equipped with a 300 
lines/nm diffraction grating (type HC-1 Landis ). The optical resolution is 0.75 nm FWHM. Light 
was collected and transferred to the entrance slit (5 μm) by a multiplex fiber bundle. The 
spectrometer was scanned in the wavelength range 200-1100 nm. Then a 8μm×200μm pixel size 
(3648 pixel number) CCD (Toshiba TCD1304AP linear CCD array) collected the dispersed signal 
from grating. The CCD signals were sent to the computer using the SpectraSuit software for data 
acquisition. Plasus SpecLine software was used for peak marking and spectral analysis. 
 
III. RESULTS AND DISCUSSIONS 
 Figure 2 shows the surface wave excited plasma columns along the antenna at various 
times from the start of the microwave plasma generation (7, 11 and 30 minutes). It is clearly seen 
that the length of plasma column increases with increase in time and also color changes. Here the 
gas pressure was 50 Pa, the applied DC bias was -300 V and the input microwave power (Pin) was 
50 W. The discharge current through the DC biased antenna was approximately same up to 10 
minutes (Fig. 2(a)). After 10 minutes, plasma color starts changing and the discharge current 
increases (Fig. 2(b)) and after around 20 minutes, the discharge current saturates (Fig. 2(c)) as well 
as plasma column. Figure 2(d) shows the close-up view of the plasma at 30 minutes. Figure 3 shows 
the time variation of the discharge current at DC biased antenna for various input microwave 
powers. 
 From Fig. 2, plasma color change after the initial transient that lasts 10 to 15 minutes is 
evidence that a significant change in the composition of the plasma occurs. We hypothesize that the 
color/composition change results from a high rate of sputtering of the Ti antenna. Normally the 
sputter yield for Ti in an argon plasma for ion energy in the range 0 to 300 eV is 0 to 0.307 
(threshold energy of Ti is 25.4 eV) [28]. The sputter yield of compounds (with an oxidized surface) 
is generally lower than the sputter yield of metals [29]. We can therefore define two states. At the 
early time of the MVP (Fig. 2(a)), the antenna is covered by a thin oxidized layer that has a low 
sputter yield and consequently the plasma is negligibly contaminated by antenna material. We term 
this the "oxidized state" (OS). At later times (Fig. 2(b) & 2(c)), the oxide layer is eventually 
removed by the slow oxide sputtering process to expose the underlying pristine metal surface. The 
metal itself has a high sputter yield causing a large flux of metal atoms to enter the plasma and 
thereby changing the composition significantly. We term this the "ionized sputter state" (ISS). 
 Figure 4 shows the axial distributions of ion density for OS and ISS. These measurements 
are taken from the left side of the system (300 mm is the antenna zero position corresponding to the 
microwave inlet). For OS conditions (7 minutes), the density is around 1×10
11
 cm
-3
. For ISS 
conditions (15, 20 and 30 minutes), an over-dense plasma (≥ 1×1012 cm-3) is generated, which is 
much greater than the cutoff plasma density (i.e., 7.6×10
10
 cm
-3
 for 2.45 GHz microwave). Clearly, 
under ISS conditions the ion density distributions are more uniform in length and higher than OS. 
 Figure 5 shows the axial ion density and electron temperature distributions for various 
microwave input power Pin for ISS conditions (after the discharge current saturates). Here the 
discharge currents through the antenna were varied in the span from 0.53 A to 0.77 A for input 
microwave powers from 30 W to 50 W. In Fig. 4(a) the length of plasma column and ion density 
increases with increase in Pin. Figure 4(b) shows the electron temperature distribution for various 
Pin. For the lowest power of 30 W the peak temperature is about 2 eV and it increases to about 4 eV 
for the high power conditions. 
 Optical emission spectroscopy was used to provide insights into the composition of the 
plasma for the OS and ISS conditions. Figure 6 shows a survey spectrum of the plasma over a 
wavelength range from 350-1000 nm. The top panel (Fig. 6(a)) corresponds to the OS condition and 
the bottom panel (Fig. 6(b)) corresponds to the ISS conditions for the same case. The applied DC 
bias to the antenna (-300 V), the gas pressure (50 Pa) and Pin (30 W) were fixed. The axial position 
was 120 mm away from the antenna zero position. For OS conditions (Fig. 6(a)), the spectrum is 
dominated by Ar atoms (ArI) and Ar ions (ArII) in the wavelength range of 675-1000 nm and few 
oxygen (OI and OII) lines also in the same wavelength range. There is no indication of Ti lines for 
the OS condition. For ISS conditions (Fig. 6(b)), the spectrum shows the emergence of additional 
lines at lower wavelengths. These lines correspond to ArI, ArII, and OII. In addition lines 
corresponding to Ti species: Ti atom (TiI), singled ionized Ti (TiII), and doubly ionized Ti (TiIII) 
appear at 430.75, 466.35, 467.5, 468.7, 609.2, 613.2 and 660.56 nm. 
 These results from emission spectra clearly buttress our hypothesis that the OS is a 
pre-sputter state where negligible amounts of material from the metal antenna is introduced into the 
plasma and therefore the plasma is a nearly pure argon plasma. The oxidized metal layer acts as a 
protective layer that prevents rapid sputtering of the antenna. Once the oxide layer is removed (by 
sputtering, albeit at a very slow rate) the metal is exposed which rapidly sputters, introducing metal 
atoms and ions into the plasma for ISS conditions. The threshold for Ti atom ionization is much 
lower than ionization of argon atoms (6.8 eV for Ti atom vs. 15.75 eV for Ar atoms) causing a rapid 
increase in the electron/ion densities in the plasma for the ISS condition.  
 The emission spectrum can used to make a qualitative estimate of how the ratio of Ti ions 
to Ti atom concentration varies with input microwave powers. This approach has been used in 
similar studies for fractional ionization estimation [30-31]. For a same species plasma (e.g., only Ar 
plasma), the intensity ratio of two lines (   212121 /// NNkkII  , where k is the rate constant for 
excitation and N is the concentration of the species) is proportional to the rate constant of excitation 
of the species, which reflects an electron mean energy in the plasma, i.e., the electron temperature 
[32]. For different species existing in an excited environment, the intensity ratio reflects their 
relative concentrations [32-33]. So, the intensity of a given emission line is proportional to the 
concentration of the species and hence the ratio of relative intensity of a Ti ion line to a Ti neutral 
line is proportional to the ionization ratio. 
 Figure 7 shows the comparison of emission spectra in the wavelength range of 425-480 nm 
for OS and ISS conditions (zoom of Fig. 6). As discussed above the Ti lines appear only for the ISS 
condition. Also, the Ar, Ti and O lines are observed for ISS only in this wavelength range. Here we 
choose the Ti ion line at 430.75 nm and Ti neutral line at 467.5 nm for light-emission intensity ratio. 
These lines are chosen on the basis of high intensity and low upper-level excitation energy. So we 
can measure the ionization fraction of sputtered Ti as a function of input microwave power.  
 Figure 8 shows the variation of emission intensity ratio of the Ti ion line to the Ti neutral 
line with axial positions for various microwave input powers Pin. The line intensity ratio is highest 
at the 0 mm axial location and drops rapid along the axis up to 50 mm. From 50 mm to about 220 
mm the ratio remain nearly constant and then increases again as the microwave inlet is approached. 
Essentially, the low TiII/TiI ratio corresponds to the locations where the total ion densities are 
highest (see Fig. 5). An understanding of this trend can be obtained by observations of Hopwood et 
al. [34-35] in ionized vapor deposition where metal ions (Ti and Al) were observed in the entire 
plasma volume of their reactor, while the metal atoms are seen only at the target's surface where 
they originate as a result of sputtering processes. This is a consequence of sputtered atoms being 
rapidly ionized as soon as they enter the plasma. In our case, the entire antenna is at the same DC 
bias potential and the total ion densities are highest in the central region (50 to 220 mm). This 
implies the efflux of sputtered Ti atoms from the antenna is highest in the central region. The Ti 
atoms are rapidly ionized once they enter the plasma and subsequently transported to other regions 
of the plasma volume, i.e. towards the ends of the antenna. The result is that the ratio of the Ti ion 
to Ti atom (TiII/TiI) is highest at the ends of the antenna compared to the central region as evident 
from Fig. 8. The TiII/TiI line ratio increases over the entire length of the antenna with increasing Pin.  
This is clearly a consequence of the higher ionization fraction of the plasma with increasing power.  
 Another important point of discussion is the time interval over which the OS condition is 
sustained. As discussed earlier, the time duration of the OS must correspond to the thickness of the 
protective oxide layer on the antenna. We perform further studies to provide insights on this issue. 
Figure 9 shows the discharge current at the antenna as a function of discharge run time for a first 30 
minute run that is followed by an off time of 120 minutes, following which the discharge was 
switched on again. For the first 30 minute discharge run, the plasma starts with OS conditions (low 
current) and transitions to steady ISS conditions (high current) after about 15 minutes. When the 
discharge is switched on again after the 120 minute off time, the plasma starts with incipient ISS 
conditions with lower currents and rapidly becomes a steady high current ISS. Presumably the off 
time of 120 minutes causes a gradual re-oxidization of the antenna surface and a lower antenna 
temperature due to cooling. For higher off time we therefore expect discharge will start with a more 
complete OS conditions followed by the transition to ISS. Further confirmation of the above picture 
is obtained for studies where the vacuum chamber is pressurized to atmospheric conditions during 
the off time. For such runs then the discharge starts plasma starts from the OS. Figure 3 also shows 
the OS sustaining time duration is 15 minutes for 30 W, which is more than for 40 W (13 min) and 
50 W (10 min). For later times (ISS), the temperature of metal antenna is expected to be very high 
[36-37] due to ion bombardment and sputter yield is therefore expected to be even higher. 
 Overall the picture that emerges is that the presence of an oxide layer acts as a protective 
layer that prevents sputtering of the metal antenna. Even though the oxide layer is protective, it does 
experience a slow sputter erosion. The sputter yield of the oxide layer is also temperature dependent 
with increasing sputter yield with increasing temperature [36]. The oxide layer therefore erodes 
away more rapidly if the discharge starts with the antenna at a high temperature (shorter OS period). 
A thick initial oxide layer should result in a longer OS period.  
 In the present MVP sources, in ISS, high density plasma is generated for relatively low 
input microwave powers, around 30 W. At ISS, the high density plasma is mainly due to Ar and 
sputtered Ti ions and a large diffusion of metal (Ti) ions throughout the vacuum chamber, which 
increases the plasma column size. Normally, in conventional sputtering cases, plasma source is 
non-uniform (high density plasma near to the source). But in MVP sources, nearly uniform high 
density plasmas are produced by very low input microwave powers (around 30 W, which is much 
less than the conventional sputtering microwave power, greater than 200 W). It is expected that if 
the antenna length will cover the whole chamber length, then more uniform plasma will be 
generated. 
  
IV. SUMMARY 
 In summary, two states of MVP are observed with time, as oxidized state and ionized 
sputter state. The OS sustaining time is dependent on oxidized layer thickness and input mw power. 
Length of plasma columns and ion density at ionized sputtered state are directly proportional to the 
input microwave powers. High density plasma (around 1×1012 cm-3) is generated for low input 
microwave power in such type of MVP sources, where the extended antenna plays an important role 
for microwave power coupling. The present experimental results suggest that MVP source is a best 
device for thin film deposition and ultra-high-speed DLC coating.  
 
ACKNOWLEDGEMENTS 
This work was supported partly by DAIKO Foundation RESEARCH FELLOWSHIP  PROGRAM 
in FY2014 and a “Grant for Advanced Industrial Technology Development (No. 11B06004d)” in 
2011 from the New Energy and Industrial Technology Development Organization (NEDO) of 
Japan. 
 
REFERENCES 
1. M. A. Lieberman and A. J. Litchenberg, Principles of Plasma Discharges and Materials 
Processing, Wiley-Interscience, New York, 1994. 
2. K. Komachi and S. Kobayashi, J. Microwave Power Electromagn. Energy 24, 140 (1989). 
3. M. Nagatsu, G. Xu, M. Yamage, M. Kanoh and H. Sugai, Jpn. J. Appl. Phys. 35, L341 (1996). 
4. H. Kousaka, K. Ono, N. Umehara, I. Sawada and K. Ishibashi, Thin Solid Films 506-507, 503 
(2006). 
5. S. Kar, L. Alberts and H. Kousaka, AIP Advances 5, 017104 (2015). 
6. L. L. Raja, S. Mahadevan, P. L. G. Ventzek and J. Yoshikawa, J. Vac. Sci. Technol. A 31, 
031304 (2013). 
7. M. Tuda and K. Ono, J. Vac. Sci. Technol. A 16, 2832 (1998). 
8. M. Tuda, K. Ono, H. Ootera, M. Tsuchihashi, M. Hanazaki and T. Komemura, J. Vac. Sci. 
Technol. A 18, 840 (2000). 
9. H. Kousaka and K. Ono, Jpn. J. Appl. Phys. 41, 2199 (2002). 
10. H. Kousaka and K. Ono, Plasma Sources Sci. Technol. 12, 273 (2003). 
11. M. Nagatsu, K. Naito, A. Ogino and S. Nanko, Plasma Sources Sci. Technol. 15, 37 (2006). 
12. S. Morita, M. Nagatsu, I. Ghanashev, N. Toyoda and H. Sugai, Jpn. J. Appl. Phys. 37, L468 
(1998). 
13. H. Sugai, I. Ghanashev and M. Nagatsu, Plasma Sources Sci. Technol. 7, 192 (1998). 
14. I. Odrobina, J. Kudela and M. Kando, Plasma Sources Sci. Technol. 7, 238 (1998). 
15. F. Werner, D. Korzec and J. Engemann, Plasma Sources Sci. Technol. 3, 473 (1994). 
16. Z. Q. Chen, m. H. Liu, P. Q. Zhou, W. Chen, C. H. Lan and X. W. Hu, Plasma Sci. Technol. 10, 
655 (2008). 
17. X. Xu, F. Liu, Q. H. Zhou, B. Liang, Y. Z. Liang and R. Q. Liang, Appl. Phys. Lett. 92, 011501 
(2008). 
18. I. Ghanashev, M. Nagatsu and H. Sugai, Jpn. J. Appl. Phys. 36, 337 (1997). 
19. Z. Q. Chen, M. Liu, L. Tang, P. Hu and X. Hu, J. Appl. Phys. 106, 013314 (2009). 
20. Z. Q. Chen, M. Liu, L. Hong, Q. Zhou, L. Cheng and X. Hu, Phys. Plasmas 18, 013505 (2011). 
21. Z. Q. Chen, Q. Ye, G. Xia, L. Hong, Y. Hu, X. Zheng, P. Li, Q. Zhou, X. Hu and M. Liu, Phys. 
Plasmas 20, 033502 (2013). 
22. H. Kousaka, J. Q. Xu and N. Umehara, Jpn. J. Appl. Phys. 44, L1052 (2005). 
23. H. Kousaka, H. Iida and N. Umehara, J. Vac. Soc. Jpn. 49, 183 (2006). [in japanese] 
24. H. Kousaka and N. Umehara, Vacuum 80, 806 (2006). 
25. H. Kousaka, J. Q. Xu and N. Umehara, Vacuum 80, 1154 (2006). 
26. H. Kousaka and N. Umehara, Trans. Materials Research Soc. Jpn 31, 487 (2006). 
27. L. J. Zhu, Z. Q. Chen, Z. X. Yin, G. D. Wang, G. Q. Xia, Y. L. Hu, X. L. Zheng, M. R. Zhou, M. 
Chen and M. H. Liu, Chin. Phys. Lett. 31, 035203 (2014). 
28. N. Matsunami, Y. Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata, S. Miyagawa, K. Morita, R. 
Shimizu, and H. Tawara, In Energy Dependence of the Yields of Ion-Induced Sputtering of 
Monatomic Solids, IPPJ-AM-32, Institute of Plasma Physics, Nagoya University, Japan, 1983. 
29. H. Tomaszewski, H. Poelman, D. Depla, D. Poelman, R. D. Gryse, L. Fiermans, M. F. Reyniers, 
G. Heynderickx and G. B. Marin, Vacuum 68, 31 (2003). 
30. R. L. Rhoades and S. M. Gorbatkin, J. Appl. Phys. 80, 2605 (1996). 
31. W. Wang, J. Foster, A. E. Wendt, J. H. Booske, T. Onuoha, P. W. Sandstrom, H. Liu, S. S. 
Gearhart and N. Hershkowitz, Appl. Phys. Lett. 71, 1622 (1997). 
32. H. Griem, Plasma Spectroscopy, McGraw-Hill, Inc., (1964). 
33. Y. Liao, C. H. Li, Z. Y. Ye, C. Chang, G. Z. Wang and R. C. Fang, Diamond and Related 
Materials 9, 1716 (2000). 
34. J. Hopwood, Phys. Plasmas 5, 1624 (1998). 
35. G. Zhong and J. Hopwood, J. Vac. Sci. Technol. B 17, 405 (1999). 
36. P. Sigmund and M. Szymonski, Appl. Phys. A 33, 141 (1984). 
37. P. Sigmund, In Inelastic Ion-Surface Collisions, ed.  by N. H. Tolk et al., Academic Press, 
New York, 1977. 
  
Fig. 1. Schematic of the experimental setup. Length of the vacuum chamber is 500 mm and inner 
diameter is 146 mm. Langmuir probe measurements are taken from left side (0 mm) of the vacuum 
chamber. 300 mm is the antenna zero position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 2. Photographs of the plasma columns. (a) at 7 minutes, (b) at 11 minutes, (c) at 30 minutes and 
(d) close-up view at 30 minutes. The applied DC bias (-300 V), the gas pressure (50 Pa) and Pin (50 
W) were fixed. 
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Fig. 3. Variation of the plasma discharge current at the DC biased antenna with time for various 
input microwave powers. 
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Fig. 4 Axial distribution of ion density for OS (7 minutes) and ISS (15, 20 and 30 minutes). Here 
the applied DC bias (-300 V), gas pressure (50 Pa) and Pin (40 W) were fixed. (Note the axial 
positions 0 to 300 mm is described in Fig. 1)
0 50 100 150 200 250 300
0.0
2.0x10
11
4.0x10
11
6.0x10
11
8.0x10
11
1.0x10
12
1.2x10
12
1.4x10
12
1.6x10
12
 
 
Io
n
 D
e
n
s
it
y
 (
c
m
-3
)
Axial Position (mm)
 30 W
 40 W
 50 W
50 Pa, -300 V
(a)
 
0 50 100 150 200 250 300
0
2
4
6
 
 
E
le
c
tr
o
n
 T
e
m
p
. 
(e
V
)
Axial Position (mm)
 30 W
 40 W
 50 W
50 pa, -300 V
(b)
 
Fig. 5. Axial distribution of (a) ion density and (b) electron temperature for various microwave 
input powers Pin under ISS conditions. Here the applied DC bias (-300 V) and gas pressure (50 Pa) 
were fixed. 
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Fig. 6. Typical emission spectrum (a) for OS (7 minutes) and (b) for ISS (30 minutes). Here the 
input microwave power (30 W), applied DC bias (-300 V) and the gas pressure (50 Pa) were fixed. 
The axial position is 120 mm away from the antenna zero position. 
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Fig. 7. Emission spectra for OS and ISS conditions in the wavelength range of 425-480 nm (Zoom 
of Fig. 6). Ti lines are seen for ISS conditions. 
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Fig. 8. Emission intensity ratio of Ti ion line (430.75 nm) to Ti neutral line (467.5 nm) for ISS 
condition as a function of axial positions at various input microwave powers.
0 20 40 60 80 100 120 140 160
0.25
0.30
0.35
0.40
0.45
0.50
0.55
ISS
 
 
D
is
c
h
a
rg
e
 C
u
rr
e
n
t 
(A
)
Time (minute)
OS
ISS
No Plasma
 
Fig. 9. Variation of discharge currents at antenna with time. Here the input microwave power (30 
W), applied DC bias (-300 V) and the gas pressure (50 Pa) were fixed. 
